pushes the transferring proton to the meta-carbon atom of the substrate and guides the selectivity of ketone formation. These studies show that the relative ratio of ketone versus phenol as primary products can be affected by external interactions of the oxidant with the substrate. Moreover, iron(III)-hydroperoxo complexes are shown to selectively give ketone products, whereas iron(IV)-oxo complexes will react with arenes to form phenols instead.
Introduction
The cytochromes P450 are widespread throughout nature and catalyze monoxygenation reactions of organic substrates as a means to detoxify the biosystem, but also have functions related to the biosynthesis of compounds [1] [2] [3] [4] [5] [6] [7] [8] . They bind and utilize molecular oxygen on a heme center and transfer one of its oxygen atoms to a substrate, whereas the other oxygen atom leaves the process as a water molecule [9] . The P450 catalytic cycle starts with Abstract Iron(III)-hydroperoxo complexes are found in various nonheme iron enzymes as catalytic cycle intermediates; however, little is known on their catalytic properties. The recent work of Banse and co-workers on a biomimetic nonheme iron(III)-hydroperoxo complex provided evidence of its involvement in reactivity with arenes. This contrasts the behavior of heme iron(III)-hydroperoxo complexes that are known to be sluggish oxidants. To gain insight into the reaction mechanism of the biomimetic iron(III)-hydroperoxo complex with arenes, we performed a computational (density functional theory) study. The calculations show that iron(III)-hydroperoxo reacts with substrates via low free energies of activation that should be accessible at room temperature. Moreover, a dominant ketone reaction product is observed as primary products rather than the thermodynamically more stable phenols. These product distributions are analyzed and the calculations show that charge interaction between the iron(III)-hydroxo group and the substrate in the intermediate state substrate binding into the binding pocket, which triggers a low-spin to high-spin change of the heme iron(III) resting state [10] , followed by its reduction by the redox partner. The high-spin pentacoordinated iron(II)-heme binds molecular oxygen, and the iron(II)-superoxo structure formed is reduced and protonated to form an iron(III)-hydroperoxo(heme) complex, commonly known as Compound 0 (Cpd 0). Cpd 0 is short-lived, but has been characterized by several spectroscopic methods at low temperature [11, 12] . In the catalytic cycle, Cpd 0 accepts a proton and is converted into Compound I (Cpd I), which is an iron(IV)-oxo heme cation radical species. The latter is the active oxidant of P450 enzymes and reacts with substrates via oxygen atom transfer, for instance, in aliphatic or aromatic hydroxylation of substrates. Rittle and Green trapped and characterized Cpd I of P450 cam with a range of spectroscopic techniques and measured the rate constants of substrate hydroxylation [13] .
Although P450 Cpd 0 is unable to react with substrates [14, 15] , at least in comparison with Cpd I, recent work on biomimetic heme and nonheme iron(III)-hydroperoxo complexes has given evidence of the opposite trends for nonheme iron complexes [16] [17] [18] . Thus, Vardhaman et al. [17, 19] , N4Py = N,N-bis(2-pyridylmethyl)-N-bis(2-pyridyl)-methylamine, with halides and found the iron(III)-hydroperoxo complex to react with rate constants that were three orders of magnitude larger than those for the iron(IV)-oxo complex. As such, heme and nonheme iron(III)-hydroperoxo complexes give strong differences in catalytic potential and reactivities with substrates.
In an analogous work, Banse and coworkers [20] reported aromatic hydroxylation reactions by an iron(III)-hydroperoxo species (complex 1 in Scheme 1) with the pentadentate L 5 2 ligand (N-methyl-N,N′,N′-tris(2-pyridylmethyl)ethane-1,2-diamine) [21, 22] and found it to react with benzene and anisole substrates efficiently. Interestingly, the use of [1,3,5-D 3 ]-benzene as a substrate probe [20] evidenced the occurrence of an NIH shift, whereby a hydrogen atom from the ipso-carbon position moved to the adjacent carbon atom, with a kinetic isotope effect (KIE) of k H /k D = 1.53 ± 0.16. Using analogous oxidants with the same probe [23] , similar results were obtained. Based on these studies, it was hypothesized that the initial products are ketones that through hydrogen atom transfer are converted into phenols in a subsequent step, hence leading to a KIE >1 and NIH shift. Thus, the reaction pathway followed by this nonheme iron(III)-hydroperoxo complex appeared to deviate significantly from the one found for aromatic activation by iron-porphyrins, where phenol is usually the primary product [24, 25] . Scheme 1 displays the experimentally obtained product distributions for ethylbenzene activation by [Fe III (OOH)(L 5 2 )] 2+ as an oxidant. Therefore, a mixture of aromatic hydroxylation and benzylic hydroxylation products are obtained in a ca. 1/1 ratio, although benzylic C-H bonds are activated over aromatic ones. In addition, the reaction displays a significant regioselectivity, since the phenols (ortho/meta/para) are not obtained following the statistical ratio. Similar results have been observed with other substrates such as anisole and toluene, which highlights the preference of this nonheme Fe III (OOH) complex for aromatic oxidation [21] . Moreover, since the reaction leading to phenols appears to involve a non-unity KIE value, this gives strong evidence of the formation of ketones as initial products that are converted to phenols at a later stage in the reaction. To resolve the experimental dichotomy, we decided to perform a computational study. The aim of the present studies focuses on establishing the mechanistic pathway leading to ketone and phenol products of the nonheme iron(III)-hydroperoxo system as compared to P450 Cpd I and how these are determined by the nature of the oxidant.
As shown by computational modeling, P450 Cpd I reacts with aromatic substrates through electrophilic attack on one of the carbon atoms of the aromatic ring to form either a radical or cationic intermediate (Scheme 2) [26, 27] . In the gas phase, these two states were found to be close in energy, but environmental perturbations generally stabilize the cationic form over the radical. Nevertheless, both intermediates convert through proton transfer to one of the nitrogen atoms of the heme, whereby the substrate ring regains its aromaticity. A final proton shuttle converts the latter intermediate favorably into phenol products, whereas the ketonic form is much higher in energy.
In a recent work [27] , we reported the mechanisms of aromatic hydroxylation by [Fe III (OOH)(L 5
2 )] 2+ (1) as well as the corresponding iron(IV)-oxo models using density functional theory (DFT) methods. We showed that the iron(III)-hydroperoxo group can transfer the OH · moiety to an aromatic ring via a concerted reaction, while an initial homolytic cleavage and reactivity by an iron(IV)-oxo species is a much more endergonic process. Incidentally, we also calculated the homolytic and heterolytic cleavage patterns of heme iron(III)-hydroperoxo and established that in contrast to nonheme species, they heterolytically cleave the O-O bond and, therefore, are more prone to proton abstraction. As such, these studies established the nonheme iron(III)-hydroperoxo as a possible oxidant of aromatic hydroxylation reactions, whereas the heme counterpart is a sluggish oxidant. Although the studies identified the catalytic potential of [(L 5 2 )Fe III (OOH)] 2+ in aromatic hydroxylation reactions, the work did not explain the experimentally observed primary product distributions (ketones versus phenols), NIH shift and KIEs. Thus, we decided to follow up our initial study with a detailed analysis of the rebound pathways and the NIH shift patterns for the reaction of [Fe
2+ with arenes. In particular, we investigated the substrate range of the oxidant and the product distribution pathways.
Methods
The studies presented in this work use density functional theory (DFT) methods as implemented in the Gaussian-09 program package [28] . Following previous experience in the field [29] [30] [31] , we use the unrestricted hybrid density functional method UB3LYP [32, 33] in combination with a double-ζ quality LACVP basis set on iron and 6-31+G* on the rest of the atoms, basis set BS1 [34] . Local minima and transition states are the result of a full geometry optimization (without constraints) followed by an analytical frequency. All structures were confirmed as local minima and had no imaginary frequencies, whereas transition states are characterized with one imaginary frequency for the correct mode. Geometry scans (with one degree of freedom fixed: the reaction coordinate) were performed to establish the pathways between reactants, intermediates and products, and the maxima of these scans were used as starting points for the transition state searches. In addition, intrinsic reaction coordinate (IRC) scans were performed for all transition states, which connected to the reactants and products identified in the reaction schemes.
Energies were improved through a single point calculation at UB3LYP/BS2 (BS2 stands for LACV3P + (with core potential) on iron and 6-311+G* on the rest of the atoms). A comparison of UB3LYP/BS2//UB3LYP/BS1 versus UB3LYP/BS2 for a substrate epoxidation by an iron(IV)-oxo porphyrin complex gave differences in relative energies of 0.1 kcal mol −1 [35] ; hence, the former method was used here. In addition, single point calculations with a dielectric constant of ε = 35.688 mimicking acetonitrile were performed using the polarized continuum model as implemented in Jaguar [36] .
As the reproducibility of the spin state ordering of transition metal complexes is sometimes dependent on the density functional method [37] , we did single point calculations using the BP86 [38, 39] , M06 [40] and B3LYP-D3 [41] levels of theory. However, only small changes in relative energies were obtained here.
Kinetic isotope effect (KIE) for the conversion of ketones into phenols was calculated by replacing the transferring hydrogen atom or the aromatic hydrogen atoms by deuterium atoms in the substrate following procedures described previously [42, 43] . Initial semi-classical KIEs were estimated from the Eyring equation using the free energies of activation ( G ‡ H ) of the deuterium substituted and reference systems, Eq. 1, with T the estimated temperature (298 K) and R the gas constant:
Tunneling corrections were implemented through the Wigner model (KIE Wigner ) by multiplying the KIE Eyring with the tunneling ratio (Q tH /Q tD ) as described in Eqs. 2 and 3:
In Eq. 3, k B is the Boltzmann constant, h is Planck's constant and ν is the value of the imaginary frequency in the transition state.
Results and discussion
Scheme 3 displays the reaction mechanism of ethylbenzene activation by 2, 4, 6 [Fe III (OOH)(L 5 2 )] 2+ investigated here, leading to the various products. The mechanism is stepwise and starts with an initial electrophilic attack on the orthocarbon atom via a transition state TS CO to form an intermediate (I 1 ). Subsequently, there are several ways of migration of the ipso-proton (highlighted in red in Scheme 3): firstly, via proton shuttle to one of the nitrogen atoms of the L 5 2 ligand similarly to that found for P450 Cpd I [27, 44] via a transition state TS PT to form the system with protonated L 5 2 ligand, I PT . In addition, we investigated direct proton transfer pathways to the meta-carbon (with respect to the ethyl side chain) to form ketone products (I K ) via transition state TS K or a migration to the oxygen atom to give a phenol moiety (I A ) via an alcohol formation transition state TS A .
Subsequently, we calculated the full reaction mechanism for ethylbenzene activation by [Fe the doublet, quartet and sextet spin states leading to phenol and ketone products; see Fig. 1 . Similarly to our previous studies with benzene and anisole substrates [27] and also in agreement with experimental EPR and Mössbauer spectroscopy studies [45, 46] , we find a doublet spin ground state for the reactant complex. DFT finds a close-lying sextet spin state, although there is no experimental evidence of its involvement in the reaction. The quartet spin state is well higher in energy and plays no role of importance for the oxygen activation process of the reaction. These spin state orderings and relative energies are similar to analogous iron(III)-hydroperoxo complexes calculated previously [47, 48] . The initial electrophilic attack is lowest on the doublet spin state ( 2 TS CO is 26.2 kcal mol −1 above reactants), while the sextet barrier is 2 kcal mol −1 higher in energy. Barrier 2 TS CO is the rate-determining barrier in the reaction mechanism and as it involves attack of a carbon of the substrate on the terminal OH group of the hydroperoxo moiety, there is little influence of any of the substrate hydrogen atoms on the barrier height and consequently the reaction will have a kinetic isotope effect that deviates little from 1. Previously [27] , we characterized two isomeric transition states for electrophilic addition of benzene and anisole to [Fe 2+ of ΔE + ZPE + E solv = 21.7 and 21.8 kcal mol −1 , respectively, which are analogous to those seen in Fig. 1 . The OH transfer barrier (TS CO ) is a concerted transition state for OH transfer, whereby the OH group is almost midway in between the donor and acceptor groups. Similar structures are found for the doublet, quartet and sextet spin states.
The electrophilic addition barriers are characterized through partial radical character on the substrate moiety, i.e., a spin density of −0.33 in 2 TS CO and a spin density of 0.27 in 4,6 TS CO . As such, these electrophilic addition barriers reflect a radical-type pathway with an initial one-electron transfer similarly to, e.g., aliphatic hydrogen atom abstraction barriers [49] [50] [51] [52] . However, after the barrier for electrophilic attack (TS CO . Several attempts were made to swap molecular orbitals and generate radical intermediates instead; however, in all cases the SCF converged to a cationic intermediate. Therefore, we hypothesize that the two electrons are transferred during the electrophilic mechanism leading to the cationic intermediate transfer sequentially, whereby an initial electron transfer generates the transition state structure and on its pathway to the connecting intermediate (I 1 ) a second electron is transferred and the cationic intermediate is generated.
We would like to emphasize that in structure I 1 there are four C-H bonds of the L 5 2 ligand system pointing upward and form weak interactions with the two oxygen atoms. One of those (the shortest one) is highlighted in Fig. 2 and covers a distance of 2.154 Å between the O and H atoms. Moreover, the four positively charged hydrogen atoms of these C-H bonds prevent the close approach of the ipsoproton to the nitrogen atoms of the L 5 2 ligand, and, consequently prevent protonation of the L 5 2 ligand. Therefore, the nitrogen atoms are shielded by the upward pointing C-H bonds and keep the substrate at a relatively large distance for the core atoms of the oxidant. The structural orientation of L 5 2 deviates dramatically from a planar porphyrin macrocycle, where substrate approach is not hindered and can freely interact with the nitrogen atoms through weak interactions. Accordingly, the second step in the oxygen atom transfer mechanism of [Fe 2+ with arenes will result in a direct proton transfer from the ipsoposition to either the meta-carbon atom to form ketone or to the oxygen atom to give phenol. As can be seen from the relative distances in 2 I 1 , the meta-carbon atom is at a distance of 1.938 Å from the ipso-proton, whereas the distance between ipso-proton and phenolate oxygen atom is at a larger distance of 2.081 Å. Based on these distances, it can be anticipated that the ketone formation pathway will be favorable over the phenol pathway.
Subsequently, we investigated the internal rearrangement pathways of the ipso-proton within the substrate/ product starting from the intermediates 2 I 1 . In particular, the ipso-proton needs to migrate and bring aromaticity back in the substrate ring. Two possible pathways were investigated, namely through phenol and ketone formation. The ketone pathway has a small proton transfer barrier (TS K ) of only 1.3 kcal mol −1 and leads to the ketone product. Interestingly, the phenol formation pathway has a much larger barrier (14.5 kcal mol −1 above 2 I 1 ), but a larger exothermicity to form product other than the ketone product. Clearly, the chemoselectivity of ketone versus phenol formation pathways is not determined by the relative stability of the two products as would normally be the case [25] .
To understand the selectivity pathways of ketone versus phenol formation, consider the optimized geometries of 2 TS K and 2 TS A in Fig. 3 . The formation of the ketone product will require a short C-O distance with double bond character. In the cationic intermediates, the C-O distance is already short (1.361 Å, Fig. 2) , which is only slightly longer than that found in 2 TS K (1.334 Å, Fig. 3 ). By contrast, the pathway leading to phenol via 2 TS A results in considerable elongation of the C-O bond to 1.477 Å. As such, the cationic intermediate 2 I 1 has geometric features closer resembling the ketone product than the phenol product, and on top of that the transferring proton (ipso-proton) is also closer to the meta-carbon than the oxygen atom. Therefore, the geometric differences between 2 I 1 and 2 TS K are smaller than those between 2 I 1 and 2 TS A and will result in preferential ketone formation over phenols. Indeed, the proton transfer to the meta-carbon has a small barrier height, whereas a much more substantial barrier is found for phenol formation. Most probably, all hydrogen bonding-type donations toward the oxygen atom will make it more acidic and result in preferential ketone product formation. Thus, our work shows that nonheme iron(III)-hydroperoxo complexes will react with arenes to form ketones as primary products, hence rationalizing the experimentally observed NIH shift.
Finally, to find the direct conversion pathway of ketones into phenols, we subsequently calculated the transition state TS AK located in between the ketone and the phenol 2 )] 2+ with bond lengths in angstroms products; Fig. 4 . As can be seen, a relatively large barrier of 9.0 kcal mol −1 above reactants is found, which would implicate a long and finite lifetime of the ketone products. Moreover, we calculated the Eyring and Wigner kinetic isotope effects for this reaction and find values of KIE Eyring = 1.54 and KIE Wigner = 2.37, which are in perfect agreement with the experimentally obtained value of 1.53. Therefore, the calculations support the experimental suggestion that the initial products are ketones, but the ketones in the reaction mixture are converted into alcohols rapidly.
To understand the chemoselective preference of ketone production over phenol found for the reaction of nonheme iron(III)-hydroperoxo with arenes, we did a detailed thermochemical analysis on the bond-breaking, bondforming and electron transfer pathways involved in the reaction processes. Scheme 4 displays various possible bond-breaking, bond-formation and electron transfer reaction energies starting from the iron(III)-hydroperoxo complex, 2 + with an exergonicity of about 9.0 kcal mol −1 , which is similar to the energy difference between reactants and 6 I 1 displayed above in Fig. 1 . The thermochemical scheme indeed confirms that nonheme iron(III)-hydroperoxo complexes should be able to react with arenes efficiently. Despite this, Scheme 4 does not explain how the chemoselectivity of ketone versus phenol product formation is realized by nonheme iron(III)-hydroperoxo complexes.
Finally, the iron(III)-oxo species can abstract a proton from the [HOC 6 structure; Scheme 4. The latter structure, through internal proton transfer, relays the ipso-proton to form either a ketone or phenol product. Thermodynamically, the formation of a phenol is the most exergonic, although, experimentally, the lesser stable ketones are formed. To find out why ketones are formed over thermochemically favorable phenols, we investigated the charges of the meta-carbon and oxygen atoms as a function of environmental perturbations through a natural bond orbital (NBO) analysis [53] . Thus, as shown in Fig. 1 ) calculated with UB3LYP/BS2 on UB3LYP/BS1 optimized geometries. Optimized geometry of the transition state gives bond lengths in angstroms and the imaginary frequency of the transition state in wavenumbers the oxo anion, and a structure with a point charge of 2+ in the position of the oxygen atom of the iron(III)-hydroxo species in I 1 ; see Fig. 5 . As can be seen from Fig. 5 , the addition of a hydrogen-bonded water molecule has very little effect on the charge distributions on the oxygen and ring atoms. However, addition of a point charge with magnitude +2 in the position of the oxygen atom of the iron(III)-hydroxo group has a dramatic effect on the charge of the oxygen atom of the − OC 6 H 5 + C 2 H 5 structure, where the charge drops from −0.91 to −0.37. The origin is most likely related to the interaction of the positive charge with the aromatic π-cloud that redistributes the charges over the aromatic ring. Therefore, the positively charged iron(III)-hydroxo species will prevent migration of the ipso-proton to the oxygen atom, but will push it toward the meta-carbon instead. This is, therefore, an example of how hydrogen bonding and charge interactions can affect the selectivity of a chemical reaction and determine the reaction products.
Conclusions
A series of density functional theory calculations is presented on the activation of arenes by a nonheme Fig. 1 . Data represented are natural charges from an NBO calculation that includes solvent corrections iron(III)-hydroperoxo complex. We establish a multistate reactivity pattern with close-lying doublet, quartet and sextet spin state surfaces that are entwined. In agreement with the experiment, we find a doublet spin ground state that reacts via electrophilic addition to substrates. However, in contrast to previous studies of arene activation by heme and nonheme iron(IV)-oxo complexes, the lowest barrier here leads to the production of ketone. This is rationalized through charge interactions between the iron(III)-hydroxo rest group with the substrate that guides the proton from the ipso-position to the meta-position.
